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Fourchon Beach, located along the southeast Louisiana coast, was affected by the oil leaking 
from the British Petroleum’s Deepwater Horizon Oil rig explosion in 2010. The oil, labeled 
MC252 oil, came ashore in a stable emulsion form, contaminating the sand, salt pan, marsh and 
mangroves along the beach. A unique oil form, labeled SSRB (small surface residue ball) was 
formed from the MC252 oil and a combination of environmental factors. The SSRB is an 
aggregate of sand and emulsified oil, and forms a large portion of the oil still present on the 
supratidal zone of Fourchon Beach. SSRBs have not been properly studied and their fate is 
largely unknown.  
For this research, various experiments were conducted to examine the biodegradability 
potential of SSRBs. First, an assessment of the subenvironments where the SSRBs were located 
was conducted. The environments appeared unfavorable for biodegradation to occur, with low 
organic matter and high salinities. Then, a characterization of the SSRBs’ physical and 
biochemical conditions was performed. Results indicated that their characteristics were closely 
dependent on the subenvironments in which they were located. Nonetheless; certain features 
pointing towards biodegradation were also found: microorganisms capable of degrading oil 
hydrocarbons and sources of nutrients and electron acceptors. Also, n-alkanes were substantially 
depleted in SSRBs sampled. Furthermore, a δ
13
C analysis in a respiration study indicated some 
biodegradation of crude oil, from respiration of oil instead of organic matter present. The 
implementation of these experiments helped identify and better understand the SSRBs and their 
biodegradability potential. This information obtained may offer us new solutions to challenges in 
environmental and waste cleanup. Also, help us determine how the oil spill has affected the 





INTRODUCTION AND OUTLINE 
 
1.1 Background  
When a large oil spill occurs in coastal waters, the immediate injury to marine ecosystems can 
be massive, especially if the oil washes ashore. Plants and animals living in the intertidal zone, as 
well as animals that use the sea surface, are the most vulnerable to spill injury (Shata, 2010). In 
1989, tanker Exxon Valdez hit an undersea reef and spilled 10 million–plus gallons of oil into the 
water in Prince William Sound, Alaska, causing one of the worst oil spills in U.S. history 
(Miller, 1999). The effects of this spill are still felt today. Great reductions in population were 
seen in various marine animals, such as: harbor seals, killer whales, and harlequin ducks. 
Furthermore, the shoreline affected has not fully recovered either.  
The potential for oils spills keeps escalating since the production and transportation of oil has 
increased over the years to meet a rising demand.  An illustration of this is the 2010 British 
Petroleum’s (BP) Deepwater Horizon Oil rig (DH) explosion that led to a massive oil spill that 
deeply affected the Gulf coast.  The Deepwater Horizon spill is the largest accidental marine oil 
spill in the history of the petroleum industry. It was caused by a sea-floor oil gusher that resulted 
from the explosion of Deepwater Horizon in April 2010, on the BP-operated Macondo Prospect 
(BP leak, 2010). The light, sweet crude oil flowed for three months, with a daily flow rate of 
about 62,000 barrels per day (9,900 m³/d) at the beginning and then about 53,000 barrels per day 
(8,400 m³/d) as the reservoir of hydrocarbons feeding the gusher was gradually depleted. 
Overall, the sea-floor gushers released about 4.9 million barrels (780,000 m
3
) of crude oil before 
the leak was stopped in July 2010 (Hoch, 2010). 
Fourchon Beach, a rapidly eroding coastal headland beach located in lower Lafourche Parish 




located between Belle Pass tidal inlet to the west and Elmer’s Island to the east. It is a coastal 
headland consisting of about 9 miles of fairly pristine sandy beaches and dunes, backed by 
wetlands and tidal channels. Louisiana is a state especially susceptible to oil spills since it 
contains approximately 40% of the U.S coastal wetlands and 15% of the U.S crude oil 
production (Jackson and Pardue, 1999). The amount of Louisiana shoreline affected by oil was 
calculated to be around 2,846 miles of beach and wetland areas. (Schleifstein, 2010). The spill 
caused extensive damage to marine and wildlife habitats and to the Gulf's fishing and tourism 
industries. The oil soaked up miles of beaches, wetlands, and estuaries, devastating their flora 
and fauna.  
Several preventative measures, such as: placement of containment booms, absorption booms 
and oil mops failed to hold BP’s spilled oil from reaching the shoreline and marsh area in 
Fourchon Beach.  Fumes began to emanate from the stagnant oil, days after reaching the beach, 
affecting animals and people living nearby. As time went on, the oil kept accumulating in the 
shoreline becoming stratified, with a layer of oil resting in between layers of sand due to tidal 
action. This cycle buried the oil deeper into the sand.  
An interesting note on the MC252 oil leaked that reached the Louisiana coast is that the oil 
came ashore in an emulsified, or mousse like, form.  This presented an added complication to the 
cleanup efforts due to the fact that oil in emulsified form does not evaporate as quickly as regular 
oil (Wang and Stout, 2006), does not rinse off as easily, cannot be eaten by microbes as easily, 
and does not burn as well. The addition of surfactants and dispersants broke the emulsion 
mixture into small pellets with a characteristic circular size of approximately 5-7 centimeters. 
The oil was in this form of stable emulsion due to certain surface-active components found in 




the state of solubility of these components in crude oil. Resins and asphaltenes have the ability to 




Fig. 1: Emulsified oil broken into many small pieces by surfactants.  




Coastal headland beach environments consist of the following subenvironments: continually 
flooded subtidal zones, regularly flooded intertidal zones, and intermittently flooded supratidal 
zones at higher elevations on the beach itself. During the DH spill, oil was deposited in subtidal, 
intertidal and supratidal environments on Fourchon Beach driven partially by tropical weather 





    
Fig. 2: Illustration depicting different  beach zones. Source: Henrich, S (2012) 
 
 Of particular interest are areas in the supratidal zone known as salt pans. Salt pans form as 
sea water is stranded in the supratidal behind the beach crest during intermittent high tides where 
it cannot drain back to the ocean. The seawater becomes stagnant and eventually evaporates, 
leaving behind a flat bed of sand with encrusted salts and a hypersaline condition (Grotzinger, 
2006). Salt pans, located in the supratidal zone, can be populated by a few species, which are 
halophytes. This means that they can grow and complete their life cycle at salt concentrations in 
excess of 100-200 mM NaCl (Packman, J.R, 1997), various plants such as: Salicornia europaea 
(glasswort), Lepidium crassifolium, Suaeda maritima (herbaceous seepweed) among others are 
examples of halophilic vegetation usually found in salt pans.  
Because the oil reached the shoreline as an emulsion, oil accumulated on the beach in a 
number of unique forms. These include oil mats (slabs of conglomerated emulsified oil and 




are aggregates of sand, emulsified oil and sometimes shell aggregates, typically 0.5-5 cm in 
diameter. 
 
Fig. 3: Small surface residue balls on supratidal beach surface, Fourchon Beach, LA.  
Source: JH Pardue, 2011. 
 
 
 SSRBs are usually cleaned via mechanical and/or manual means where the constant sieving 
of the sand disrupts the natural conditions of the beach and alter the habitat of beach dwelling 
organisms (OSAT-2, 2011). Therefore, they are frequently left behind assuming that with time 
they will naturally degrade.  
As oil is left behind on the beach environment, natural processes such as microbial 
degradation will be needed to clean the remaining residual oil. Biodegradation is the metabolic 
ability of microorganisms, such as fungi and bacteria, to transform organic contaminants into 
less harmful, non-hazardous substances, which are then incorporated into natural biogeochemical 
cycles (Margesin, 2001). Natural biodegradation of oil in the beach environment may be limited 




that several bacteria are able to degrade hydrocarbons in this environment (Oren et al, 1992; 
Kuznetsov, 1992; Abed et al., 2006).  
Biodegradation by microorganisms has been used successfully as a cleaning technique for oil 
spills on the different coastal zones (Wongsa et al., 2004; Yakimov et al., 2007). Furthermore, 
several studies in the addition of nutrients in the form of nitrogen and phosphorus 
(biostimulation) to these bacteria show that it positively increases the rate of biodegradation 
achieved (Atlas, 1991; Margesin and Schinner, 1997; Medina-Bellver et al., 2005). 
Other conditions on the beach headland that may limit hydrocarbon degradation include the 
limited sources of nutrients, the lack of moisture and elevated temperatures on the beach surface 
during summer periods. Also, the absence of oxygen that may exist within the SSRB aggregates 
themselves. 
 
1.2 Research Objectives 
The objectives of this research are to:  
1) Determine the physical and biogeochemical characteristics of supratidal oil forms such as 
SSRBs and the environments in which they are deposited. 
2) Determine whether supratidal oil forms are biodegrading and whether hydrocarbon 
degradation is affected by the addition of fertilizer (nitrogen/phosphorus).   
3) Assess differences in composition and biogeochemical conditions of oil from distinct 
locations on the beach surface to determine where oil might be biodegrading in the 18 months 
following the spill.  
 





1.3 Environmental Relevance of the Study 
The research proposed here is intended to determine the effect that the oil spill has had in 
Fourchon Beach, Louisiana, with emphasis on the supratidal area. Specifically, the study will 
examine how hydrocarbon biodegradation can occur in such a challenging area and to 
characterize the conditions of SSRBs located there to better understand their ultimate fate. 
Currently there is not much data on SSRBs, not many studies have been done on them and 
their fate is largely unknown. Therefore, studying these oil forms further will be extremely 
beneficial in the field of oil pollution cleanup.  
  
1.4 Organization of the Thesis  
Chapter 2 reviews the physical and chemical characterization of surface oil in the form of 
SSRBs on the supratidal and intertidal beach environment on Fourchon Beach and Elmer’s 
Island, LA.  Chapter 3 presents the results of an assessment of biodegradability of residual crude 
oil on the supratidal beach environment. Following this, Chapter 4 summarizes the results from 























CHARACTERIZATION OF SURFACE MC252 OIL ON THE SUPRATIDAL BEACH 





The potential for marine oils spills keeps escalating since the production and transportation of 
oil has increased over the years to meet a rising demand.  The 2010 British Petroleum’s (BP) DH 
explosion led to a massive oil spill, producing the largest accidental release of oil into water in 
history (BP Leak, 2010; Staff, 2010; Bergin, 2012) deeply affecting the Gulf coast. Fourchon 
Beach, a coastal headlands beach located along the Louisiana coast, was impacted by the spill, 
receiving waves of emulsified oil. SSRBs are unique oil formations found in the intertidal and 
supratidal zones (Fig. 2) of Fourchon Beach, these formations possess a sandy exterior and an 
oily core with few or no shells in them. Oil mats (slabs of conglomerated emulsified oil and 
shells) were also present in Fourchon Beach, buried under the sand in the intertidal zone for a 
year and uncovered in September 2011 by TS Lee.  
SSRBs represent a significant fraction of the oil that still remains on Fourchon Beach. These 
structures have not been well studied and are not well understood. Current cleaning methods 
consist only of mechanical and/or manual means, where the constant sieving of the sand (to 
separate SSRBs from beach sand) disrupts the natural conditions of the beach and alter the 
habitat of beach dwelling organisms. It has been assumed that over time they will naturally 
degrade (OSAT-2, 2011). However, biodegradation of SSRBs on the supratidal zone is limited 
due to high salinity in the salt pans, low organic matter content and low nutrient content of the 
soil. These are all unfavorable conditions for natural biodegradation to occur (Ward and Brock, 




It is of interest to identify what factors control biodegradability in the SSRBs to better 
understand their ultimate fate.  
In this study, several experiments were conducted to investigate the physical and biochemical 
characteristics of SSRBs to better understand their biodegradability potential. Samples were 
collected from the supratidal and intertidal zones of Fourchon Beach and Elmer’s Island. 
Physical parameters such as mass, volume, shape, density, moisture content, and porosity were 
measured using common laboratory techniques. Nutrient content, pH and salinity were studied 
for   chemical characteristics. Also, oil composition of SSRBs was determined using a GC-MS to 
measure n-alkanes and PAHs.  
 
2.1.1 DH Spill and Contamination of the Beach Environment at Fourchon  
 
The Deepwater Horizon drilled one of the deepest oil wells in history at a measured depth of 
35,055 feet at the Macondo Prospect in the Gulf of Mexico (Bowman, 2010).  On April 20, 2010, 
this oil rig exploded, leaking thousands of barrels of oil per day. The light, sweet crude oil 
flowed for three months, with a daily flow rate of approximately 62,000 barrels per day (9,900 
m³/d) at the beginning and then about 53,000 barrels per day (8,400 m³/d) as the reservoir of 
hydrocarbons was gradually depleted. The daily average rate flow was highly debated. On June 
20, an internal BP document, which was released by United States Congress, stated that the flow 
rate could have been as high as 100,000 barrels (4.2 million gallons) per day. Overall, it is 
estimated that the sea-floor gushers released about 4.9 million barrels (780,000 m
3
) of crude oil 
before the leak was stopped in July 2010 (Hoch, 2010). 
Macondo Prospect was located roughly 40 miles off the Louisiana coast and in a few weeks, 
oil reached the coast. Fourchon Beach, located along the southeast Louisiana coast, was heavily 




and mangroves along the beach, profoundly affecting the flora and fauna associated with the 
marsh and coastal estuary system. Fourchon Beach is in a rapidly eroding coastal system, with 
winds, tides and waves constantly reforming the beach. This results in the entire coast eroding 
and moving in a northern direction, retreating landward, a rate of about 40 feet per year 
(McBride et al., 1992). 
 
2.1.2 The Presence of MC252 as an Emulsion and Formation of SSRBs 
 
The spilled oil that reached the beaches in Louisiana was weathered, where the volatile 
compounds were lost to evaporation and the remaining oil mixed with seawater to form a sticky 
emulsion. The oil leaking from the Deepwater Horizon well was a heavier blend than most of the 
oil drilled off Louisiana (Bowman, 2010). The oil was in this stable emulsion form due to certain 
surface-active components found in crude oil: asphaltenes and resins (McLean, 1997), 
asphaltenes have the ability to organize and form rigid films at the oil/water interface which 
produces a stable emulsion. 
Through the ensuing months after the explosion, waves of additional emulsified oil, tarballs 
and oil droplets appeared along Fourchon Beach and the surrounding marshes. Some tropical 
storms accelerated the deposits of oil on the upper supratidal portions of the beach. All these 
conditions created a unique oil form, termed small surface residual balls (SSRBs) which are 
aggregates of sand and emulsified oil, typically 0.5-5 cm in diameter. These SSRBs are 







2.1.3 Biodegradation Challenges for SSRBs  
 
SSRBs are removed from the beach via mechanical and/or manual means, where the constant 
sieving of the sand (to separate SSRBs from beach sand) disrupts the natural conditions of the 
beach and alter the habitat of beach dwelling organisms (OSAT-2, 2011). Therefore, SSRBs are 
frequently left behind assuming that with time they will naturally degrade. However, on certain 
areas like the supratidal zone of Fourchon Beach natural biodegradation may be a challenge 
since the soil contains high salinity (at the salt pan) and very low organic matter. This type of 
environment is an unfavorable one for hydrocarbon degrading organisms, such as bacteria and 
fungi that function best in the presence of nutrients like nitrogen and phosphorus, (Atlas, 1991; 
Margesin and Schinner, 1997; Medina-Bellver et al., 2005) higher organic matter environments, 
optimal moisture conditions and neutral salinity concentrations (Ward and Brock, 1978; Yang et 
al., 2011). Also, biodegradation of buried SSRBs would be slower on fine grained sand beaches, 
such as those located in Louisiana due to oxygen limitations (OSAT-2, 2011). Aerobic processes 
act on a broader spectrum of oil compounds and are more rapid and complete than anaerobic 
processes (DeLaune, 2011). According to Shin et al. (1999), biodegradation of oil is primarily an 
aerobic process.  SSRBs located in the intertidal zone are able to biodegrade, since these SSRBs 
are constantly soaked with seawater. The water brings in nitrogen, phosphorus and oxygen 
needed by hydrocarbon degrading organisms and also maintains a moist environment favorable 
for the growth of these organisms (Pramer and Bartha, 1972; Ferguson et al., 2003). Other 
conditions on the beach headland that may limit hydrocarbon degradation include: pH and 
elevated temperatures on the beach surface during summer periods (Leahy and Colwell, 1990). 





2.1.4 Objectives of the Study 
 
The objectives of this study are:  
1) Determine the physical and biogeochemical characteristics of supratidal oil forms such as 
SSRBs and the environments in which they are deposited. 
 2) Determine how the different locations of the SSRB affect their characteristics  
3) Obtain more information on the biodegradability potential of SSRBs.  
 
2.2 Materials and methods 
 
 
2.2.1 Study Site 
 
The study site is located in lower Lafourche Parish along the Louisiana coast, at Fourchon 
Beach (Fig. 4.2). One of the parish’s major industries is oil and gas, supporting offshore 
exploration activities throughout the central Gulf of Mexico. Fourchon Beach, located between 
Belle Pass tidal inlet to the west and Elmer’s Island to the east, is a rapidly eroding coastal 
headland backed by wetlands and tidal channels. Sampling sites were positioned along the 
supratidal and intertidal zones of Fourchon Beach and the supratidal zone of Elmer’s island. The 
climate of the region is sub-tropical, with annual temperature averaging 15°C, a mean annual low 
of 10°C and a mean annual high of 30°C. Average yearly precipitation is about 157 cm/year.  
 
2.2.2 Sampling of SSRBs   
 
SSRBs were collected in different locations and dates from Fourchon Beach and Elmer’s 
island, LA.  (Table 1).  Eighteen SSRBs samples were collected from a transect on the supratidal 







Fig. 4.1: Location of Fourchon Beach, LA on the Gulf Coast. Source: Google Earth Pro 
 





spill and remained on the surface for about a year, before being collected. SSRBs (n=29) 
sampled on 09.08.2011, were collected from Fourchon Beach’s intertidal zone. These samples 
resemble pieces of oil associated with snare spill sorbent that had been buried on the sand since 
the oil reached the coast, but were uncovered and broken up into smaller pieces by TS Lee. Oil 
mat SSRBs (n=33) were also collected from the intertidal zone on 09.08.2011. These samples 
originated from a contiguous oil mat that was also uncovered and broken up into smaller pieces 
by TS Lee.  On 10.20.2011, 36 SSRBs samples were collected from a transect on the supratidal 
surface on Elmer’s Island, located to the east of Fourchon Beach, LA. These samples are 
presumed to have been deposited during tropical events in 2010 and unperturbed by TS Lee.  
The GPS coordinates listed in Table 1 encompass all sample locations for each sampling event.   
A possible hypothesis is that variance in biodegradability of each set of samples will result 
depending on their position on the landscape, since each set of samples was exposed to different 
geochemical conditions. Multiple parameters were measured to characterize these SSRBs to 
better understand their biodegradability potential.  
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   Table 2: List of chemicals used for physical and chemical analysis performed on SSRBs.  
Chemical Purity/grade Manufacturer 
Hexanes 98.5% EMD 
Acetone 99.5% Fisher Scientific 
Ammonium chloride 99.7% Mallinckrodt 
Ammonium sulfate 99.99% Mallinckrodt 
PAH standard 95.1% - 99.9% Supelco, Bellfonte, PA 
Alkane standard  Supelco, Bellfonte, PA 
Internal standard  Supelco, Bellfonte, PA 
Resazurin 100% Acros Organics 
Sodium sulfate 99.2% Mallinckrodt 
Helium   
Potassium Chloride  99.0% - 100.5% EM Science 
 
 
2.2.3 Physical Characterization 
Physical parameters such as mass, volume, shape, density, moisture content, and porosity 
were measured for the SSRBs collected.  Mass of SSRBs was measured using a laboratory scale. 
The sand on top of the SSRBs was carefully dusted off in order to get an accurate weight 
measurement.  Volume was calculated based on length, width, height and diameter (for circular 
samples) measured using a digital caliper (Carrera Precision, CP5906).  Based on the shape of 
the SSRBs, Eqs 1.0 (cylindrical), 2.0 (rectangular) and 3.0 (oval) were used for volume 
calculations.   
                                          V=π× r
2 
×h                                           Eq 1.0 
                                 V=L×W×T     Eq 2.0 
                        V=4/3×π×W×L×H     Eq 3.0 
 
V=volume, r = radius, h = height, L=length, W=width, T=thickness, W= width axis radius, L= 




 Density was calculated as the ratio of mass of the samples and their corresponding volumes.  
Moisture content was calculated as the difference between wet and dry SSRB samples. For 
moisture content measurement, all samples were crushed in ceramic dishes and weighed before 
and after 24 hr. drying in an oven at 110 °C.  Porosity was computed using Eq 4.0 where pore 
volume is divided over the total volume of the SSRB. The SSRBs were added to a beaker with a 
known volume of tap water (V1). The top of the beaker was sealed with parafilm and the samples 
were left to saturate for 6 hrs. The volume of water remaining at the end of 6 hrs. incubation was 
measured (V2).  Pore volume was then calculated (Eq 5.0). 
 
                                                                 Pore volume                                               Eq 4.0 
                                    Porosity:      Total volume of Sample                                           
 
                                               Pore volume = V1- V2             Eq 5.0 
  
2.2.4 Chemical Characterization  
2.2.4.1 Salinity 
Salinity was measured using a salinity field test method (Gibbs, 2000). SSRBs were crushed 
and placed in glass jars. Distilled (DI) water was added to the samples, five parts volume of 
water for one part volume of soil. The glass jars were shaken for 3 minutes to allow dissolution 
of salts from SSRBs to water. The solution was allowed to settle for 1 minute and salinity was 
measured from the supernatant with a salinity meter (YSI 85). Salinity was also calculated based 






                                                                    Sf =    So (V1 + V2)    Eq 6.0 
                                                                                                         V1  
 
So = Initial salinity reading of supernatant  (from salinity meter) 
Sf = Final salinity 
V1 = Moisture content x Mass of SSRB 
V2 = Volume of DI water.  
 
2.2.4.2 pH 
The pH of several samples from each group was measured (Accumet
® 
research, AR25 Dual 
channel pH/Ion meter). Water was added to completely crushed samples and these were 
thoroughly mixed.  After settling for 1 minute, readings were taken from the water. 
 












) were measured using SmartChem™200 (Westco Scientific Instruments Inc., 
USA) by EPA methods # 353.2, 365.1, 350.1 and 375.4, respectively. For nitrate+nitrite, 
orthophosphate and sulfate measurement, the samples were completely crushed and added to a 
50 mL Teflon tubes. Water was added to the Teflon tube with crushed SSRBs in 1:2 
(vsample/vwater) ratio. For the oil mat SSRBs, water was added in 1:4 (vsample/vwater) ratio, since their 
composition is mainly oil and this required a larger dilution ratio. The Teflon tubes were capped 
and tumbled for approximately 24 hrs. and centrifuged for 10 minutes at room temperature and 
8,000 rpm (x 5018 average RCF). The supernatant from the centrifuged Teflon tubes was filtered 
with a 0.45 µm nylon syringe filter and analyzed by SmartChem™200. Samples for 
exchangeable ammonium measurement were prepared in a similar fashion as the rest. However, 
instead of water, potassium chloride (KCl, 2M) was added to plastic containers to create a 1:5 




from soils than water does, since ammonia is positively charged at most pHs binding strongly to 
the negatively charged clay particles (Kinchloe, S). The KCl creates a mass action, displacing the 
ammonia, forcing it to dislodge from the clay particles. The plastic containers were tumbled for 
24 hours. Then, 45 mL were transferred to Teflon tubes to be centrifuged and consequently 
filtered as previously mentioned.  
 
2.2.4.4 PAH and n-Alkane Extraction and Analysis  
Polycyclic aromatic hydrocarbons (PAHs) (n=36) and n-alkanes (n=19) were measured on 
solvent extracts of select SSRBs. The SSRBs measured were crushed and homogenized. Ten 
grams of crushed sample were transferred to a clean Teflon tube and filled with 20 mL of 
hexane:acetone (50:50; v:v). Teflon tubes were tumbled for approximately 48 hours and 
centrifuged at 8,000 rpm (x 5018 average RCF) for 10 minutes at room temperature. The 
supernatant from the centrifuged Teflon tubes was filtered through a glass funnel containing 
glass wool with 2 inches of sodium sulfate granules on top to remove water. The glass wool and 
sodium sulfate were saturated with  hexane:acetone mixture before filtering the supernatant. The 
filtered sample from the funnel was collected in a 250 mL glass flask.  After filtering the 
supernatant, the glass wool with sodium sulfate granules was rinsed with an equal amount of 
hexane:acetone mixture, until the granules of sodium sulfate appeared clear. The filtered samples 
were concentrated to a 10 mL volume using RapidVap N2 Evaporation System (Labconco, 
USA) with the following settings: 50% velocity, 70 ˚C temperature, and varying time (usually 4-






2.2.5 Microbiological Characterization 
One sample from each group of samples was sent overnight to Microbial Insights, Inc. 
(Rockford, TN) for two DGGE analyses: 3 Band Identifications analysis for eubacteria and an 
additional DGGE profile for sulfate reducing bacteria (Fig.5).  
 
 
Fig. 5:  DGGE  profile  of  amplified  DNA  from  a  portion  of  the  16S  rRNA  gene for 
SSRBs. Eubacteria (left) and sulfate reducing bacteria (right). EL-9=Elmer’s Island sample, A-
14= Fourchon Beach Supratidal SSRB sample, S-6= Oil snare sample, TB-1=Oil mat sample. 




   
2.3 Results and Discussion 
Results for measured physical parameters of collected SSRBs are shown in Table 3. Results 




presented (Table. 4). Also, comparisons of individual oil components to hopane (Table 5) and  
data for salinity, pH, and nutrient concentrations of SSRBs (Tables 6 and 7).   
 
Physical parameters such as mass, volume, shape, density, moisture content, and porosity 
were measured for the SSRBs collected (Table 3).  The average mass and volume of the SSRBs 
differed according to the location. The SSRBs located on the supratidal surface of Fourchon 
Beach and Elmer’s Island had less mass and volume on average than the ones located on the 
intertidal surface of Fourchon Beach. This could be due to the fact that the intertidal SSRBs 
originated from snare oil and had been buried under the sand for a year before being uncovered 
by tropical storms. The supratidal SSRBs had always been laying on the surface of the beach, 
exposed to the natural elements. The density for all groups of samples is similar and ranged 
between 1.32 and 1.41 g/cm
3
.       
SSRBs from the supratidal zone of Fourchon beach had very low moisture content (Table 3). 
These samples were collected during hot and dry days, with average temperature of around 95°F. 
Moisture content measurement was dependent on environmental conditions. If samples were 
collected after days of rainfall, their moisture content would be high. However, if the conditions 
had been dryer, the same samples would have lower moisture content. Also, the SSRBs dry out 
fast. These results may suggest that limitations of biodegradation were probable due to low 
moisture content (Bartha and Bossert,1984; Davis et al., 2003). Oil mat SSRBs are much less 
porous than the other SSRB groups, since they are mainly composed of oil and shells, unlike the 





2.3.1 Physical Characterization 
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2.3.2 Chemical Characterization 
The n-alkanes and PAHs concentrations were measured for all groups of samples (Fig. 6 and 
7). Ratios of total and individual PAHs were computed relative to C30-hopane, a widely used 
poorly biodegradable biomarker (Table 4). Difference in the amount of n-alkanes and PAHs of 
the SSRB groups were observed. The total PAHs from the supratidal (Fourchon Beach and 
Elmer’s Island) and one intertidal group (snare oil) ranged between 3.96 –24.96 with a collective 
average of 28 mg PAH/kg soil. While the oil mat samples ranged between 19.12 –112.56 with an 
average of 72 mg PAH/kg soil (Table 4). Oil mat SSRBs possess a higher crude oil content, as 
evidenced by higher concentrations of PAHs and n-alkanes per samples, compared to the other 
SSRB groups. A complete list of individual n-alkanes and PAHs measured for all samples tested 
is presented in Appendix A.  
 
Table 4: n-alkanes and PAHs’ hopane ratios. Also, total n-alkanes and PAHs concentrations 
for all sample groups.  











+/- s.e  
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(mg/kg soil) 












































5±1   66.7±12.6   0.1±0.02   13.6± 1.29  




Hopane ratios show that n-alkanes were substantially depleted in SSRBs; alkanes degrade 
faster than PAHs (Coulon et al., 2005; Van Epps, 2006). Yet, some measurable biodegradation 
of PAHs was also observed, relevant to the oil mat samples. Of all the groups, snare oil and 
supratidal Fourchon Beach SSRBs appeared to have been the most efficiently degraded, with the 
lowest hopane ratios of n-alkanes and PAHs respectively. Oil mat SSRBs appeared to be the 
least efficiently degraded with the highest hopane ratios overall.  
A factor that may affect the rate at which compounds biodegrade is their molecular weights 
(MW) (Van Epps, 2006). There is a possibility that the lower MW compounds degraded or were 
lost by abiotic processes in the sea and never reached the coast. The majority of compounds that 
reached the coast are of higher molecular weight and difficult to biodegrade. Certain low MW 
compounds in n-alkanes, such as: decane, undecane and dodecane were virtually nonexistent in 
all groups of SSRBs tested. While higher MW weight compounds like hexadecane and 
heptadecane were present in all groups at different concentrations.  
 
 













































Fig. 7: Total PAH concentration (mg/kg SSRB) for all sample groups. 
 
Pristane is a branch alkane that is harder to biodegrade than hexadecane, due to its branched 
structure. The ratios of pristane to hopane and hexadecane to hopane were used to evaluate the 
degree of biodegradation observed for each compound. The results indicated a clear hexadecane 
(MW: 226.4 g/mol) decrease compared to that of pristane (MW: 268.5 g/mol) for all SSRB 
groups. 














Hexadecane/Hopane 0.10 0.10 13.80 0.10 
Pristane/Hopane 4.2 4.9 55 1.4 
 
PAHs are harder to break down than n-alkanes. Various PAHs were only found in the oil mat 








































Salinity: For the SSRBs sampled before TS Lee, the salinity was below 2 ppt (Table 6). These 
samples were located on the supratidal zone, where irregular seawater inundation occurs and 
regular rainfall leaches salts.  However, for the SSRBs sampled after TS Lee that were located in 
the intertidal zone (oil mat and oil snare SSRBs), salinities were higher, even hypersaline 
(>35ppt) in some cases which is consistent with the regular seawater soak that these samples 
received, being in the intertidal zone.  
pH: The pH for all the groups of SSRBs ranged between 7.2 and 8.2 (Table 6). The highest 
pH belonged to the Elmer’s Island samples. However, the concentrations obtained for pH for all 
groups are within ranges that are suitable for microbial biodegradation to occur, since they are 
close to neutrality (7) (Leahy and Colwell, 1990; Nilanjana and Preethy, 2011).  
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Nutrients: Nitrogen concentrations in the SSRBs were primarily in the form of exchangeable 
ammonium (NH4
+
) with smaller, but still detectable amounts of nitrate (NO3
-
) and nitrite (NO2
-
) 




to the intertidal samples. This could be due to leaching and utilization by microbial populations. 
Orthophosphate (PO4
3-
) was present in higher concentrations in supratidal SSRBs and in lower 
concentrations in intertidal SSRBs. Ammonium was present in higher quantities in the intertidal 
samples, which could be due to the constant seawater soaking that the samples received. 
Measurements of seawater from October 2011 (a month after collection of intertidal samples) 
showed an ammonium concentration of 6.68 mg/L (Table 10, Chapter 3) which is in the same 
order of magnitude as the concentration found in the intertidal samples.  
 




mg NO2 + 
NO3/kg 






























10.20.2011 0.48±0.14 0.66±0.15 148±11 2.03±0.47 
 
2.3.3 Microbiological Characterization 
Table 8: Results from Microbial Insights, Inc. (Rockford, TN). SSRBs’ DGGE sequencing from 
bans excised from Fig. 5.  Identifications  are  based  on  DNA  sequences  in  the  Ribosomal 
Database  Project  (RDP).    Similarity  indices  above  .900 =  excellent,  .700-.800 = good,  and  
below  .600 =  unique sequences.  




1.2 Gammaproteobacteria (class) 0.827 These aerobic bacteria typically live in water 
1.3 Gammaproteobacteria (class) 0.951 and food sources, although some are obligate 
1.4 Mycobacterium spp. 0.783 parasites. Some species have been shown to 
   





        2.1S Thioalkalivibrio spp. 1 This genus of bacteria are haloalkaliphilic, 
   
chemolithotrophic, denitrifying, and 
   
sulfur-oxidizing. Also found in soda lakes. 
2.1 Sinorhizobium spp. 0.732 This is a nitrogen-fixing genus isolated from 
   
soil. 
2.1 Mesorhizobium spp. 0.732 This is a nitrogen-fixing genus isolated from 
   
soil. 
2.2 Phenylobacterium spp. 0.882 
This is a moderately thermophilic genus from 
a subsurface aquifer. 
    
2.3 Phenylobacterium spp. 0.855 
This is a moderately thermophilic genus from 
a subsurface aquifer 
    
2.4 Phenylobacterium spp. 0.939 
This is a moderately thermophilic genus from 
a subsurface aquifer 
    2.5 Mycobacterium spp. 0.921 These aerobic bacteria typically live in water 
   
and food sources, although some are obligate 
   
parasites. Some species have been shown to 
   
degrade PAHs and mineralize vinyl chloride 
to CO2 
    2.6 Mycobacterium spp. 0.973 These aerobic bacteria typically live in water 
   
and food sources, although some are obligate 
   
parasites. Some species have been shown to 
   
degrade PAHs and mineralize vinyl chloride 
to CO2.  
    3.2S Desulfovibrio spp. 0.91 These halophilic sulfate-reducers are found in 
   
sediment of lakes, brackish water and marine 
   
environments. 
3.3S Stenotrophomonas spp. 0.78 These bacteria are involved in BTEX 
   
degradation, and also can be facultative 
   
fermenters. 
3.5S Stenotrophomonas spp. 0.78 These bacteria are involved in BTEX 
   
degradation, and also can be facultative 
   
fermenters. 
3.1S Thioalkalivibrio spp. 0.7 This genus of bacteria are haloalkaliphilic, 
   
chemolithotrophic, denitrifying, and 
   
sulfur-oxidizing. Also found in soda lakes. 
3.4S Thioalkalivibrio spp. 0.82 This genus of bacteria are haloalkaliphilic, 
   
chemolithotrophic, denitrifying, and 
   
sulfur-oxidizing. Also found in soda lakes. 
3.6S Thioalkalivibrio spp. 0.7 This genus of bacteria are haloalkaliphilic, 
   
chemolithotrophic, denitrifying, and 
   
sulfur-oxidizing. Also found in soda lakes. 





3.1 Anaerophaga spp. 0.85 
These halophilic, thermophilic bacteria are 
potential producers of biosurfactants. 
    
3.2 Anaerophaga spp. 0.957 
These halophilic, thermophilic bacteria are 
potential producers of biosurfactants. 
    




3.3 Chromatiales (order) 0.81 
This is an order of proteobacteria under which 
purple sulfur bacteria are classified, such as 
   
Chromatiaceae, Ectothiorhodospiraceae, and 
   
Halothiobacillaceae. 
   
 
3.4 Uncultured bacterium 0.83 
 
3.5 Spirochaeta spp. 0.865 
These chemoorganotrophs are obligate or 
facultative anaerobe 





4.1 Paracoccus spp. 0.907 These aerobic species occur in soil and in 
   
natural and artificial brines. 
4.2 Alkaliflexus spp. 0.842 
 
4.3 Deferribacteres (class) 0.79 
 
 
 Banding  patterns  and  relative  intensities  of  the recovered  bands  provide  a  means  of  
comparing  the  communities. Each specific type of bacteria  must  constitute  at  least  1-2%  of  
the  total  bacterial community  to  form  a  visible  band. The Mycobacterium spp was found in 
both the supratidal SSRBs. This is an aerobic bacterium  that degrades PAH as its sole source of 
carbon an energy (Uyttebroek et al., 2006). It has shown an adaptation to low bioavailability by 
attaching itself to the PAH substrate. The Mycobacterium spp was not found in any of the 
intertidal samples since the oxygen concentration there is too low for an aerobic organism. 
Furthermore, certain obligate facultative anaerobes such as bacteria from the genus Spirochaeta 
spp were found in the intertidal samples.  
Bacteria from the genus Stenotrophomonas spp were also found in the intertidal SSRBs. They  
have been shown to degrade BTEX compounds and  PAHs (Ryan et al., 2009).The benzene, 
toluene, ethyl benzene,  and  xylene (BTEX) components of oil products are toxic and relatively  
soluble (Lovley, 1996).  
High salinity concentrations were present in intertidal samples (Table 6). Therefore, certain 
halophilic and haloalkaliphilic bacteria were present in those samples. Also, certain moderately 




samples. This may be due to the fact that temperatures at Fourchon Beach can exceed 95˚ F during 
the summer months. 
 
2.4 Conclusions 
Multiple parameters were measured to characterize these SSRBs to better understand their 
biodegradability potential. Results support the hypothesis that SSRBs deposited at different 
locations have different biogeochemical characteristics. Differences in their physical 
characteristics are most evident in the groups of SSRBs from the supratidal zone in contrast to 
the samples from the intertidal zone. Also, oil mat SSRBs are considerably different from the 
rest of the groups, with a much lower average porosity content and higher n-alkanes and PAH 
concentration found in their chemical composition analysis. Hopane ratios for all the groups 
showed that n-Alkanes were substantially depleted in SSRBs, with some measurable 
biodegradation of PAHs also observed.  Of all the groups, snare oil and supratidal Fourchon 
Beach SSRBs appeared to have been the most efficiently degraded. Oil mat SSRBs appeared to 
be the least efficiently degraded with the highest hopane ratios overall.  
Chemical composition difference between intertidal and supratidal SSRBs can be partially 
explained by greater biodegradability potential when the SSRBs are in a more aerobic 
environment like that of the supratidal zone. Furthermore, this zone is seldom washed by 
seawater, but has regular rainfall that leaches salts from the samples. This would explain the 
lower nutrient concentrations in supratidal samples, such as the lower N form concentrations and 
it also accounts for the lower salinities measured. 
In contrast, the SSRBs sampled in the intertidal zone had very high salinities, even 




present in the intertidal than the supratidal samples. This is consistent with the regular soaking by 
seawater that these samples received.  
The microbiological analysis showed a diverse assortment of bacteria present in all the groups 
of samples. Some of these bacteria have been shown capable of degrading hydrocarbon 
components. The salinity and oxygen content in the samples were limiting factors in which types 

























3.1.1 DH Spill and Oiling of the Supratidal Beach Environment 
 The 2010 British Petroleum’s Deepwater Horizon Oil rig explosion led to a ruptured 
deepwater pipeline located one mile beneath the surface. This rupture caused the largest 
accidental marine oil spill in the history of the petroleum industry (BP Leak, 2010; Staff, 2010; 
Bergin, 2012), leading to severe economic and ecological consequences for the Gulf Coast of the 
United States. The oil reached the Louisiana shoreline (located in the Gulf) in the form of a 
stable emulsion or mousse that had unique characteristics: it was not able to evaporate as quickly 
as regular oil, rinse  off as easily, be eaten by microbes as easily, and did not burn as well (Wang 
and Stout, 2006).  
Even though cleanup efforts have remained aggressive, a substantial portion of the oil still 
remains trapped in coastal ecosystems. Fourchon Beach, located in lower Lafourche Parish, 
Louisiana, was heavily affected by the spill. The oil reached the intertidal, supratidal and upland 
zones (Fig. 2, Chapter 2), the latter one composed mainly of wetlands and tidal channels. The 
supratidal zone in Fourchon Beach possesses salt pans, with high salinity; low organic matter 
and little vegetation present (Fig. 8).  
 
3.1.2 Characteristics of the Supratidal Environment 
The supratidal environment, also known as the supralittoral zone, is the area above the spring 
high tide line, on coastlines and estuaries (Thurman and Trujillo, 1993). This area is regularly 




evaporation of seawater during high temperatures, causing an accumulation of salt deposits and 
minerals, creating salt pans (Grotzinger, 2006). Organisms that live in the supratidal zone must 
cope with exposure to air, occasional seawater, fresh water from rain, cold, heat and predation by 
land animals and seabirds.  
 
 
Fig. 8: Supratidal area on Elmer’s Island, salt pan in the foreground and marsh area with tidal 




The characteristics of the supratidal environment in Fourchon Beach indicate that the soil in 
the salt pan is very low in nutrients and organic matter. Therefore, little vegetation is able to 
grow there. Elmer’s Island, the adjacent segment of the Caminada Headlands, (Fig. 8) has a 
similar supratidal area as that of Fourchon Beach, with salt pans, little vegetation and low 







3.1.3 Characteristics of the SSRBs and their Susceptibility to Biodegradation 
SSRBs are unique oil formations. They are aggregates of sand and emulsified oil, typically 
0.5-5 cm in diameter. They are essentially oil free at the surface, but possess an oily core. SSRBs 
are usually cleaned from a beach via mechanical and/or manual means (OSAT-2, 2011), where 
the constant sieving of the sand (to separate SSRBs from sand) disrupts the natural conditions of 
the beach and alter the habitat of beach dwelling organisms Therefore, they are frequently left 
behind assuming that with time they will naturally degrade.  
The oily core of the SSRB is comprised of hundreds of different compounds that differ in 
solubility and rates of biodegradation. The molecular weight (MW) of the components plays a 
role in the biodegradation rate. Higher MWs indicate a bigger structure (4 or more rings-
structure) that is harder to break down than a low MW one (2-3 rings-structure) (Van Epps, 
2006).  
Several environmental factors that vary from site to site can influence the process of SSRB 
biodegradation by inhibiting the growth of pollutant-degrading microorganisms. Factors such as: 
soil pH, oxygen content and temperature have a big influence on the growth and productivity of 
these organisms (Bamforth, 2005). Other factors like salinity concentration of the sand, nutrient 
and contaminant availability also play an important role. Furthermore, the absence of oxygen 
that may exist within the SSRB aggregates, would limit their biodegradability potential.  
It is a fact that the rate of hydrocarbon degradation done by bacteria (bioremediation) 
decreases significantly at very high salinities (Diaz et al., 2000; Abed et al., 2006). Nevertheless, 
several bacteria have been shown to be able to degrade hydrocarbons in these conditions. A 
haloand thermotolerant Streptomyces albaxialis degraded crude oil and petroleum products at 




bacteria like Marinobacter hydrocarbonoclasticus, are able to grow in concentrations of up to 
20% salinity and use hydrocarbons as its sole source of carbon and energy. This information is 
important when it comes to improving or devising new cleaning techniques for SSRBs located in 
supratidal soils of high salinity. 
 
3.1.4 Objectives of the Study 
The objectives of this study are: 
 1) Determine whether supratidal oil forms are biodegrading.  
2) Determine whether hydrocarbon degradation is affected by the addition of fertilizer 
(nitrogen/phosphorus).  
 3) Determine what factors limit biodegradability of the oil on the supratidal zone of Fourchon 
Beach.  
 
3.2 Materials and Methods 
3.2.1 Study Sites 
The study site is located in lower Lafourche Parish along the Louisiana coast, at Fourchon 
Beach (Fig. 4.1 and 4.2, Chapter 2). One of the parish’s major industries is oil and gas, 
supporting offshore exploration activities throughout the central Gulf of Mexico. Fourchon 
Beach, located between Belle Pass tidal inlet to the west and Elmer’s Island to the east, is a 
rapidly eroding coastal headland backed by wetlands and tidal channels. Sampling sites were 
positioned along the supratidal and intertidal zones of Fourchon Beach and the supratidal zone of 




15°C, a mean annual low of 10°C and a mean annual high of 30°C. Average yearly precipitation 
is about 157 cm/year.  
 
3.2.2 Field Sampling and Characterization of Soil and Ocean 
Sand samples from the salt pan at the supratidal zone of Fourchon Beach were collected on 
10.19.10. on a 100 foot transect. Two sets of samples were taken from each sampling spot on the 
transect, each spot was located 10 feet apart from each other. The first set of samples was 
collected in a 9 oz glass jar, filled with sand taken from the top of the supratidal zone. The other 
set of samples consisted of scintillation vials filled with approximately 1:1 water to sand. 




The scintillation vial samples were used to obtain readings of salinity. Electrical conductivity 
and total dissolved solids (TDS) were measured using an Ultrameter (6 Psi, Myron L Company). 
To get a mass balance on the salinity measured, the readings obtained from the Ultrameter were 
recalculated based on moisture content and mass of the samples (Eq 6.0).  
 
                                                                    Sf =    So (V1 + V2)    Eq 6.0 
                                                                                                         V1  
 
So = Initial salinity reading of supernatant (from Ultrameter) 
Sf = Final salinity 
V1 = Moisture content x Mass of SSRB 






3.2.2.2 Nutrient Sampling  
The glass jar samples were sent to the Soil Testing and Plant Analysis Lab at Louisiana State 
University for analysis of percent organic content, nitrogen, phosphorus and certain minerals and 
metals content as well as pH. Exchangeable ammonium was also measured from the jar samples 
by adding 2 grams of the sample to 20 grams of 2M KCl (approximately 20 mL). The mix was 
tumbled for 1 hour and then centrifuged for 10 minutes at 8,000 rpm (x 5018 average RCF). The 
supernatant was then tested for ammonia content using a Hach DR 2800™ Portable 
Spectrophotometer, Method 10023. The seawater samples were tested for nitrite (NO2
-





), exchangeable ammonium (NH4
+
) and sulfate (SO4
2-
) using 
SmartChem™200 (Westco Scientific Instruments Inc., USA) by EPA methods # 353.2, 365.1, 
350.1 and 375.4, respectively.  
 
3.2.3 Biodegradation Respiration Study 
3.2.3.1 Set-up (Treatments) 
Twelve 250 mL Erlenmeyer flasks were filled with 250 g of sand (approximately 175 mL) 
from Fourchon Beach’s supratidal zone. Three flasks remained untouched to be the control 
group. Oil (15 g in the form of SSRBs from Fourchon Beach) was added to three other flasks. 
Nutrients in the form of 0.5 mL of an NH4-N stock solution (49 mg/L) (nitrogen), and 100 µL of 
K2PO4 (29 mg/L) (phosphorus), were added to another three. And, the remaining three flasks 
contained a combination of nutrients and oil in the same quantities as the previous two 
treatments. Water was added to the sand to keep a moist environment where bacteria could thrive 
(approximately 10 mL) to all the flasks, except the control ones. Water and nutrients were 





Fig. 9: CO2 traps (left) and test tube filled with 3mL of sodium hydroxide (1 N-NaOH) inside 
each trap (right), to collect CO2. 
 
3.2.3.2 CO2 Analysis 
The amount of CO2 evolved from each flask was measured continuously throughout the study. 
The CO2 was captured in small test tubes filled with 3 mL of sodium hydroxide (1 N NaOH)  
inserted in the middle of the flask. The flasks were kept shut and in a dark cabinet at room 
temperature. Every 10 days or so, the NaOH was tested via backtitration using hydrochloric acid 
(HCl) as the titrant following precipitation of trapped carbonates as BaCO3. The CO2 mass was 
obtained from Eq 7.0.   
 
         CO2 in trap = 0.5 x (((VNaOH x CNaOH)/1000 – ((VHCl x CHCl)/1000))            Eq 7.0 
 
 VNaOH = volume of NaOH initially in the trap (3 mL), CNaOH = initial molar concentration of 
NaOH in the trap (1 M), VHCl = volume of HCl used in the titration (digits on titrator converted 






C-CO2 Analysis  
The BaCO3 precipitate was stored in a freezer after each measurement. Some of these samples 
were sent to Geochron Laboratories (Chelmsford, MA) to measure δ
13
C stable isotope 
composition. The delta 
13
C signature can be used to assess biodegradation of crude oil versus 
other sources of organic matter by simultaneously measuring CO2 and the signature of evolved 
CO2 (Jackson et al., 1996). 
 
3.2.4 Microelectrode Profiles 
The oxygen content of SSRBs was measured using an Oxygen Micro-profiler (Unisense 
Science, USA) with an Ox100 microsensor. The microelectrode calibration for atmospheric 
partial pressure was attained by bubbling seawater from Fourchon Beach for 5 minutes.   
Samples for oxygen measurement were prepared by allowing the SSRBs in a ceramic dish to 
saturate with sea water from Fourchon Beach for approximately 72 hrs. The sea water in the 
ceramic dish was aerated with an aquarium pump (RENA Air 50) for the first 24 hrs. and 
incubated without aeration for the next 4 days.  
                         






3.3 Results and Discussion 
3.3.1 Characterization of Surrounding Environment 
SSRBs were collected in four different groups. One group was sampled from the supratidal 
zone of Fourchon Beach.  Two other groups were sampled from the intertidal zone of Fourchon 
Beach, immediately after landfall of TS Lee in 9/2011. A final group was obtained from the 
supratidal zone on Elmer’s Island. The supratidal zone on Fourchon Beach and Elmer’s Island is 
mainly composed of salt pans. The soil has high salinity and low organic matter. The seawater 
only reaches this area during high tides, stagnating there and later evaporating, leaving behind 
minerals and salt. Both sampling sites show frequent levels of precipitation in between low or 
zero precipitation periods. The intertidal zone is located before the supratidal zone. This area is 
continuously washed by seawater.  
 
3.3.1.1 Salt Pan Soil Characteristics 
Several samples of soil from the supratidal environment in Fourchon Beach were analyzed for 
nutrients and organic matter (Table 9). Nitrogen concentrations were less than 0.5 mg/L while 
phosphorus was detected at 3.65 mg/L. Elevated salt concentrations, calcium, magnesium, 
potassium and sodium, were observed consistent with elevated salinity in the salt pan.  
 
3.3.1.2 Seawater Characteristics  




 and ammonium) in excess of 
2 mg/L over the sampling period. Orthophosphate (PO4
3-
) was very low for the October sampling 
date (0.01 mg/L) and increasing to 0.20 mg/L in January 2012. Clearly seawater is a potential 




3.3.1.3 Rainfall During Study Period 
Samples were collected from August to November 2011. That timeframe shows 22 inches of 
rainfall fell during that period with relatively regular rainfall occurrence (Fig. 11). Precipitation 
was at its daily highest during the month of September, due to the passing of TS Lee. For oil 
stranded in the supratidal zone, rainfall provides an important source of moisture between 
inundation by high tides.  
 
 
Fig. 11: Daily precipitation in inches, from May 2010 to March 2012. Grand Isle, Louisiana. 




3.3.2 SSRB Characterization  
Small surface residual balls (SSRBs) are unique oil formations, made out of aggregates of 
sand, emulsified oil and sometimes, shell aggregates. They are typically 0.5-5 cm in diameter. 
SSRBs are usually cleaned via mechanical and/or manual means and frequently left behind 













































































Table 10: Chemical characteristics of seawater sampled in Fourchon Beach 














SW October N 29°10.349’ W 090°04.421’ 10.20.11 0.01 0.01 176 6.68 
SW November N 29°09.747’ W 090°05.801’ 11.03.11 0.10 0.06 150 2.24 




3.3.2.1 Physical Characteristics  
Physical parameters such as mass, volume, shape, density, moisture content, and porosity 
were measured for the SSRBs collected and described in Chapter 2. A summary of that data is 
presented in Table 11. The SSRBs located on the supratidal surface of Fourchon Beach and 
Elmer’s Island had less mass and volume on average than the ones located on the intertidal 
surface of Fourchon Beach. The density for all groups of samples is similar and ranged between 
1.32 and 1.41 g/cm
3
. Porosity measurements showed that oil mat SSRBs were the least porous of 
all the groups of samples. The pH for all the groups of SSRBs ranged between 7.2 and 8.2 (Table 
11). The highest pH belonged to the Elmer’s Island samples. SSRBs are extremely dry, 
especially in between rain events, and moisture content was very low (<1%). This moisture 
content is lower than required for biodegradation (Dibble and Bartha, 1979; Bartha and Bossert, 
1984; Balba et al., 1998).  
 
3.3.2.2 Chemical Characteristics 
Salinity: For the SSRBs sampled before TS Lee, the salinity was below 2 ppt (Table 11). 
These samples were located in the supratidal zone, where irregular seawater inundation occurs 
and regular rainfall leaches salts. However, for the SSRBs sampled after TS Lee that were 
located in the intertidal zone (oil mat and oil snare SSRBs), salinities were higher, even 
hypersaline (>35ppt) in some cases which is consistent with the regular seawater soak that these 
samples received.  
 
Nutrients: Nitrogen was found in all SSRB groups primarily in the form of exchangeable 
ammonium with smaller, but still detectable amounts of nitrate (NO3
-






11). SSRBs located on the supratidal zone had statistically lower N than the intertidal samples, 
which could be due to the constant seawater soaking that the intertidal SSRBs received. 
Orthophosphate (PO4
3-
) was present in higher concentrations in supratidal SSRBs and in lower 
concentrations in intertidal samples. 
 
3.3.3 Biodegradation Assessment  
Biodegradation can only occur when microorganisms capable of degrading oil are present. In 
order for them to grow and function properly, favorable environmental and physical 
characteristics are needed. Microorganisms, like bacteria, need nutrients, especially in the form 
of nitrogen and phosphorus, for growth and energy generation. They also require electron 
acceptors and donors to derive energy. Various environmental and biological factors are 
involved in determining the rate and extent at which microbial populations are capable of 
degrading oil components. The biodegradation of SSRBs is affected by environmental factors 
such as: soil pH, moisture content and oxygen content, soil salinity concentration, nutrient 
availability and temperature. These factors vary from site to site and have a big influence in the 
growth and productivity of oil degrading microorganisms. SSRBs physical composition is also 
paramount. SSRBs dimensions, porosity, moisture content, oil chemical composition, oxygen 
concentration and microbial populations’ influence the process of SSRB biodegradation. Below, 
the SSRB and environment characterization are used to assess the potential for biodegradation.  
 
3.3.3.1 Biogeochemical Conditions 
Summary of physical characteristics: SSRBs from the supratidal zone of Fourchon beach had 
























































 NM 0.37±0.08 8.16±0.10 1.50±0.30 0.48±0.14 0.66±0.15 148±11 2.03±0.47 




























NM 0.08±0.03 8.10±0.15 59.8±4.7 0.72±0.26 0.29±0.04 641±49 7.52±0.98 





temperatures of around 95°F. Even though it is a zone with heavy rainfall, the SSRBs dry out 
fast. Oil mat SSRBs are much less porous than regular SSRBs, since they are mainly composed 
of oil and shells, unlike the other SSRBs with their porous sand exterior. 
 
Nutrients:  For biodegradation to occur, microorganisms must have nutrient sources, 
especially nitrogen and phosphate. Venosa et al., (1996) stated that a nutrient-nitrogen 
concentration of around 2.0 mg/L is sufficient for the maximum growth of hydrocarbon 





never exceeded 0.5 mg/L. However, a few samples exceeded 2 mg/L in the form of 
exchangeable ammonium (NH4
+
) (Appendix B). 
Seawater is a source of nutrients for the SSRBs. During high tides, it reaches the supratidal 
zone, and it is regularly present in the intertidal zone, continuously soaking the intertidal 
samples. The levels of nitrogen and phosphorus in the SSRBs are comparable to the levels 
measured in the seawater (Table 10). The supratidal sand presented a lower concentration of 
nitrogen (%). However, phosphorus was detected at higher concentrations (Table 9) and this 
could be a source of phosphorus for the samples located in the supratidal zone. Rainwater is 
another possible source of nutrients, bringing in oxygen, nitrogen (N) and sulfur (as SO4) (Zhang 
and Raun, 2006). 
 
Electron Acceptors: Another factor needed for biodegradation is the presence of electron 
acceptors. To establish the likely terminal electron acceptor for crude oil components 
biodegradation in the SSRBs, sulfate concentrations and oxygen microprofiles were measured. 




the highest sulfate concentrations of all groups (Table 11). However, sulfate was present in all 
samples exceeding 100 mg/kg. 
Several oxygen profiles were obtained using an Oxygen Micro-profiler (Unisense Science, 
USA) with an Ox100 microsensor (Fig. 10). The SSRB samples were kept submerged in aerated 
seawater from Fourchon Beach for 4 days, to mimic the maximum submergence intertidal might 
experience. The oxygen profiles showed minimal oxygen consumption when samples had been 
submerged for a few hours (Fig. 12), typical of a brief inundation after a rainfall event. A large 
oxygen depletion was observed in the same samples, after being kept submerged in seawater for 
4 days (Fig. 13). These profiles are representative of samples trapped in intertidal or subtidal 
conditions. More oxygen microprofiles were difficult to obtain due to the presence of shells 
inside the SSRBs that would easily break the microelectrodes.  
The experiment showed that when SSRBs are not completely saturated with water, oxygen 
diffuses in and does not appear limited in the interior of the SSRB, as inferred from the O2 
profiles a few hours after wetting. Oxygen microprofiles indicated that once the SSRB is 
immersed in oxygenated water for a few days, the oxygen inside will be depleted. When O2 isn’t 
available, sulfate was present in all groups of samples in quantities surpassing 100 mg/kg SO4. 
Sulfate for oil mat SSRBs exceeded 600 mg SO4 /kg. Seawater is a source of nutrients and 
electron acceptors for the SSRBs. The levels of sulfate (SO4
2-
) in the SSRBs are comparable to 





Fig. 12: Initial oxygen concentration (µmol/L) profile for oil mat SSRB. Submerged in seawater 
for less than 3 hours.  
 
 
Fig. 13: Final oxygen concentration (µmol/L) profile for oil mat SSRB. Submerged in seawater 




















































































3.3.3.2  Analysis of Hopane:Oil Ratios  
Difference in the amount of n-alkanes and PAHs of the SSRB groups were observed. The 
total PAHs in SSRB groups from the supratidal (Fourchon Beach and Elmer’s Island) and one 
intertidal group (snare oil) ranged between 3.96 –24.96 with an average of 28 mg PAH/kg soil 
(Table 4, Chapter 2).  Oil mat SSRBs possess a higher crude oil content, as evidenced by higher 
concentrations of PAHs and n-alkanes per samples, compared to the other SSRB groups.  
Hopane ratios showed that n-alkanes were substantially depleted in SSRBs; alkanes degrade 
faster than PAHs (Coulon et al., 2005; Van Epps, 2006). Yet, some measurable biodegradation 
of PAHs was also observed, relevant to the oil mat samples. Of all the groups, snare oil and 
supratidal Fourchon Beach SSRBs appeared to have been the most efficiently degraded, with the 
lowest hopane ratios of n-alkanes and PAHs respectively. Oil mat SSRBs appeared to be the 
least efficiently degraded with the highest hopane ratios overall.  
Certain low MW compounds in n-alkanes, such as decane, undecane and dodecane were 
virtually nonexistent in all groups of SSRBs tested. While higher MW weight compounds like 
hexadecane and heptadecane were present in all groups at different concentrations. 
 
3.3.3.3 Analysis of Microbial Populations Observed 
The Mycobacterium spp was found in both the supratidal SSRBs (Table 8, Chapter 2). This is 
an aerobic bacterium  that degrades PAH as its sole source of carbon and energy (Uyttebroek et 
al., 2006). It has shown an adaptation to low bioavailability by attaching itself to the PAH 
substrate. The Mycobacterium spp was not found in any of the intertidal samples possibly 




certain obligate facultative anaerobes such as bacteria from the genus Spirochaeta spp were 
found in the intertidal samples.  
Bacteria from the genus Stenotrophomonas spp were found in the intertidal SSRBs. Certain 
bacteria from this genus have been shown to degrade BTEX compounds and PAHs (Ryan et al., 
2009). High salinity concentrations were present in intertidal samples (Table 11). As a result, 
certain halophilic and haloalkaliphilic bacteria were found in those samples.  
 
3.3.3.4 Respirometry Study 
Results of Respirometry Study: 
The laboratory respiration results are presented in Fig. 14. There was little variation in the 
rates of respiration between treatments. This could be due to the sand in the flasks having very 
low organic matter (Table 9) with low nutrient concentrations. Also, it may be that the oil was 
mainly composed of heavy alkanes and PAHs, since the lower MW, more volatile, biodegradable 
compounds degraded or were lost by abiotic processes in the sea and never reached the coast. 
Other factors may have been involved. Leahy and Colwell (1990) have cited the possibility of a 
threshold oil concentration for microbial degradation of hydrocarbons. With microbial activities 
generally enhanced in a contaminated soil containing up to 5% hydrocarbon mass per dry weight 
of soil with no increase observed at a level of 10%, and the rate of degradation declining at 15%. 
Decreases in activity at high oil concentrations in the soil were credited to inhibition of microbial 
activity by toxic components and/or by-products of the oil. The respirometry study had an initial 
concentration of 6% hydrocarbon mass per dry weight of soil and 13.2% at the end of the 




growth of competing microbial populations that may be incapable of degrading oil hydrocarbons, 
but still impede the oil-degrading population of nutrients or other growth factors needed.  
 The respirometry study could also have been affected by nutrient concentrations. Röling, et 
al., (2002) suggested that the addition of nutrients produces differences in hydrocarbon 
biodegradation rates and variations in the microbial population. That above a particular level of 
nutrient addition, nutrient levels did not further enhance oil biodegradation. Ferguson et al., 
(2003) determined that too low or too high nitrogen concentration in the soil can inhibit 
degradation processes. Leahy and Colwell (1990) explained that in some cases, an increase in the 
rate of biodegradation due to the addition of nutrients can only be seen after a delay of several 
months to a year. A study by Vinas et al., (2005) stated that the biodegradation values were 
higher when nutrients were not added, especially for PAH components. Also, results suggested 
that the presence of an excess of nutrients had a negative effect on late-stage biodegradation of 
four-ring PAHs and TPHs. Furthermore, the microbial population shifted frequently during the 
study, suggesting that it was due to different inorganic nutrient contents, which also explained 
the different biodegradation capabilities. 
 The Vinas et al. (2005) study also suggested that moisture content and aeration were the key 
factors for soil bioremediation. A possible limitation in this lab study was the lack of oxygen in 
the samples, since the bottles were kept shut at all times except to retrieve the sodium hydroxide 
solution for analysis every 10 days. As for moisture content, it has been noted that noted that 20–
80% of soil saturation should be sufficient for achieving increased biodegradation rates (Bartha 
and Bossert, 1984). The sand samples from the supratidal zone of Fourchon Beach used for this 
experiment had very low moisture content. Therefore, water had to be added regularly, saturating 




to be intermittently wet and dry depending on rain events. Even though there was not much 
variation among the respiration study treatments, the δ
13
C data indicates that there is some oil 
respiration occurring above the background level (Table 12). Meaning that some oil degradation 
is occurring.  
 







The BaCO3 precipitate was sent to Geochron Laboratories (Chelmsford, MA) to measure δ
13
C 
stable isotope composition (Eq. 8). Oil has low concentrations of 
13
C, it is more enriched in 
12
C. 
Therefore, it has a more negative ratio than other forms of organic matter (Table 12). This 
indicates that there is some oil respiration occurring above the background level (other sources of 
organic matter). 
                                                      C ‰ =  
       
        
    x 1000                                      Eq. 8.0 
y = 0.0274x - 0.79 
y = 0.0272x - 0.9541 
y = 0.0259x - 0.8522 















































Table 12: delta 
13




Control  -25.1 ± -0.82 
Oil  -26.5 ± -1.34 
Nutrients -23.6 ± -1.68 
Oil + 
Nutrients 




SSRBs are usually cleaned from a beach via mechanical and/or manual means (OSAT-2, 
2011), where the constant sieving of the sand (to separate SSRBs from sand) disrupts the natural 
conditions of the beach and alter the habitat of beach dwelling organisms. SSRBs are frequently 
left behind assuming that with time they will naturally degrade. The present work was carried out 
to explore the biodegradation potential of SSRBs located on the supratidal and intertidal beach 
environment at Fourchon Beach. Also, an objective was to determine which factors limit their 
biodegradability. 
Various environmental and biological factors are involved in determining the rate and extend 
at which microbiological organisms are capable of degrading oil components. The results 
indicated that the surrounding environment plays an important role in biodegradation. The 
SSRBs located on the supratidal surface of Fourchon Beach and Elmer’s Island had less mass 
and volume on average than the ones located on the intertidal surface of Fourchon Beach. Since 
the supratidal samples were exposed to the elements, while the intertidal samples were buried 
under the sand for a year, before being uncovered by TS Lee. Also, higher salinities were found 
in intertidal samples. The supratidal sand contained low amounts of nutrients, was very dry in 




unfavorable conditions for oil degrading microorganisms. However, several essential factors 
needed for biodegradation were found in the SSRBs. First, microbial populations able to 
biodegrade various oil components were present in the SSRBs. Seawater was tested to be a 
source of nutrients to the microorganisms, bringing in necessary nitrogen and orthophosphate. 
Also, rainfall brought in moisture, oxygen and perhaps even more nutrients to supratidal 
samples. Furthermore, electron acceptors were also found in the form of oxygen and sulfate. An 
experiment showed that when SSRBs were not completely saturated with water, oxygen diffused 
in and was not limited in the interior of the SSRB. Oxygen microprofiles indicated that once the 
SSRB is immersed in oxygenated water for a few days, the oxygen inside was completely 
depleted. Sulfate, was present in all groups of samples in quantities surpassing 100 mg SO4 /kg. 
Finally, hopane ratios showed that n-alkanes were substantially depleted in SSRBs, with some 
measurable biodegradation of PAHs also observed, relevant to the oil mat samples. Snare oil and 
supratidal Fourchon Beach SSRBs appeared to have been the most efficiently degraded, with the 
lowest hopane ratios of n-alkanes and PAHs respectively. Furthermore, δ
13
C analysis in the 
respiration study indicated that there is some oil respiration occurring above the background 











CHAPTER 4  
SUMMARY AND OUTLOOK 
 
 
4.1 Experimental Findings and Implications  
 
Fourchon Beach, located along the southeast Louisiana coast, was affected by the oil leaking 
from the British Petroleum’s Deepwater Horizon Oil rig explosion in 2010. The oil came ashore 
in a stable emulsion form, contaminating the sand, salt pan, marsh and mangroves along the 
beach. Oil accumulated on the beach in a number of unique forms, SSRBs, with their oily core 
and sandy exterior being one of them. For this research, various experiments were conducted to 
examine the impact of SSRBs in the supratidal area along Fourchon Beach and their 
biodegradability.  
Biochemical conditions of SSRBs were examined to better understand their biodegradation 
potential. Results indicated that SSRBs deposited at different locations have different 
biogeochemical characteristics.  Differences in their physical characteristics were most evident in 
the groups of SSRBs from the supratidal zone in contrast to the SSRBs from the intertidal zone. 
Oil mat SSRBs were considerably different from the rest of the groups, with a much lower 
average porosity and higher n-alkanes and PAH concentration found in their chemical 
composition analysis. SSRBs sampled in the intertidal zone had very high salinities, even 
hypersaline concentrations in some cases. Also, intertidal samples had much higher ammonium 
concentrations than the supratidal samples. This is consistent with the regular soaking by 
seawater that these samples received. The microbiological analysis showed the presence of 
bacteria capable of degrading hydrocarbon components in various SSRBs.  
The surrounding environment also plays an important role in biodegradation. The SSRBs 




volume on average than the ones located on the intertidal surface of Fourchon Beach. Since the 
supratidal samples were exposed to the elements, while the intertidal samples were buried under 
the sand for a year, before being uncovered by TS Lee. The supratidal sand contained low 
amounts of nutrients, was very dry between rain events and had low organic matter (less than 1% 
for the samples). These are unfavorable environmental conditions for oil degrading 
microorganisms. However, several essential factors needed for biodegradation were present, 
such as microbial populations able to biodegrade oil components, sources of nutrients for the 
microorganisms and electron acceptors. Hopane ratios showed that n-Alkanes were substantially 
depleted in SSRBs, with some measurable biodegradation of PAHs also observed, relevant to the 
oil mat samples. Snare oil and supratidal Fourchon Beach SSRBs appeared to have been the most 
efficiently degraded. Finally, δ
13
C analysis in the respiration study indicated that there is some 
oil respiration occurring above the background level. The respiration indicates that there was 
some biodegradation of crude oil.  
SSRBs are usually cleaned from a beach via mechanical and/or manual means (OSAT-2, 
2011), where the constant sieving of the sand (to separate SSRBs from sand) disrupts the natural 
conditions of the beach and alter the habitat of beach dwelling organisms. SSRBs  are frequently 
left behind assuming that with time they will naturally degrade. The implementation of these 
experiments helped identify and understand these unique oil forms resulting from the DH spill. 
This information obtained may offer us new solutions to challenges in environmental and waste 
cleanup. Also, help us determine how the oil spill has affected the supratidal area along 






4.2 Future Research  
 
A possible limitation in the respiration lab study was the lack of oxygen in the flasks. The 
bottles were kept shut at all times except to retrieve the sodium hydroxide solution for analysis 
every 10 days. Therefore, adjusting the oxygen flux inside the flasks, in future experiments, 
would bring more information on factors controlling biodegradation. Moisture content in the 
sand inside the flasks is another factor worth examining more thoroughly. Literature suggested 
that moisture content had a big influence in achieving increased biodegradation rates, depending 
on the amount present (Davis et al., 2003).   
More samples of SSRBs must be collected in the future, to determine long term degradation 
rates. Also, under real field conditions, there may be some variations from the laboratory results 
obtained in this work. The diversity of the natural elements that affect the SSRBs cannot be 
easily duplicated. Therefore, field experiments may be worth undertaking to confirm the 
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N-ALKANES AND PAHS CONCENTRATIONS 
 




Supratidal SSRBs from Elmer's Island  
Sample ID A1A A13 
 
EM-1A EM-1B EM-4 EM-6 EM-8 EM-9 EM-12 EM-14 EM-21 
Soil Weight (g) 10.10 10.00 
 
10.1 9.1 10.0 7.1 10.1 10.0 7.3 8.2 7.3 
Extract Volume (mL) 10.00 10.00 
 
10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 
naphthalene 0.18 0.19 
 
0.14 0.13 0.13 0.15 0.14 0.15 0.14 0.14 0.13 
C1-naphthalenes 0.10 0.10 
 
0.11 0.11 0.11 0.1 0.11 0.11 0.11 0.1 0.1 
C2-naphthalenes B.C B.C 
 
B.C B.C B.C B.C B.C B.C B.C B.C B.C 
acenaphthylene N.D N.D 
 
N.D N.D N.D N.D 0.28 0.28 N.D 0.28 0.28 
acenaphthene N.D N.D 
 
0.04 0.04 0.02 0.03 0.03 0.03 0.03 0.03 0.03 
fluorene B.C B.C 
 
B.C B.C B.C B.C B.C B.C B.C N.D N.D 
C3-naphthalenes B.C B.C 
 
B.C B.C B.C B.C B.C B.C B.C B.C B.C 
phenanthrene B.C B.C 
 
B.C B.C B.C B.C B.C B.C B.C B.C B.C 
anthracene 0.45 0.43 
 
0.52 0.48 0.39 0.4 0.4 0.42 0.42 0.39 0.39 
C1-fluorene B.C B.C 
 
B.C B.C B.C B.C B.C B.C B.C B.C B.C 
C4-naphthalenes B.C B.C 
 
B.C B.C B.C B.C B.C B.C B.C B.C B.C 
dibenzothiophene N.D N.D 
 
N.D N.D N.D N.D N.D N.D N.D N.D N.D 
C1-phenanthrenes 0.29 0.24 
 
0.1 B.C B.C B.C B.C 0.12 0.14 B.C 2.09 
C2-fluorenes B.C B.C 
 
B.C B.C B.C B.C B.C B.C B.C B.C B.C 
C1-dibenzothiophenes B.C B.C 
 
B.C B.C B.C B.C B.C B.C B.C B.C B.C 
Fluoranthene N.D N.D 
 
0.06 0.04 B.C B.C B.C 0.06 0.03 B.C 0.03 
pyrene B.C B.C 
 
B.C B.C B.C B.C B.C 0.16 B.C B.C B.C 
C2-phenanthrenes B.C B.C 
 
B.C B.C B.C B.C B.C 0.15 0.03 B.C B.C 
C3-fluorenes 0.07 B.C 
 
B.C B.C B.C B.C B.C 0.22 0.16 B.C B.C 
C2-dibenzothiophenes 0.02 0.03 
 




C1-pyrene/fluoranthen B.C B.C 
 
B.C B.C B.C B.C B.C B.C B.C B.C B.C 
C3-phenanthrenes B.C B.C 
 
B.C B.C B.C B.C B.C B.C B.C B.C 0.03 
C3-dibenzothiophenes 0.36 0.47 
 
0.53 0.24 0.33 0.56 0.72 0.73 0.66 0.19 0.45 
benzo(a)anthracene 1.79 2.13 
 
1.28 1.17 0.83 0.9 0.75 2.13 1.41 0.63 N.D 
chrysene 1.62 1.84 
 
1.2 1.1 0.88 0.92 0.79 1.81 1.28 0.71 N.D 
C4-phenanthrenes B.C 0.04 
 
B.C B.C 0.04 0.08 0.03 0.11 0.07 B.C 0.23 
C1-chrysenes 0.26 0.26 
 
0.26 0.26 0.26 0.28 0.27 0.3 0.27 0.27 0.26 
benzo(b)fluoranthene 0.33 0.37 
 
0.34 0.31 0.36 0.38 0.36 0.39 0.34 0.34 0.36 
benzo(k)fluoranthene 0.35 0.38 
 
0.34 0.31 0.36 0.38 0.36 0.38 0.33 0.34 0.35 
benzo(a)pyrene 0.63 0.69 
 
0.71 0.58 0.6 0.72 0.66 1.14 0.85 0.64 0.51 
C2-chrysenes 0.27 0.27 
 
0.28 0.26 0.25 0.26 0.26 0.27 0.27 0.26 0.25 
C3-chrysenes 0.25 0.27 
 
0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.26 0.25 
indeno(1,2,3-cd)pyren N.D N.D 
 
0.29 0.29 0.28 0.28 0.28 0.3 0.29 0.28 0.28 
dibenzo(a,h)anthracen 0.05 0.04 
 
0.05 0.04 0.05 0.06 0.05 0.09 0.05 0.06 0.05 
benzo(g,h,i)perylene N.D N.D 
 
0.35 0.32 0.32 0.34 0.34 0.38 0.35 0.33 0.33 
hopanes 16.03 17.21   2.42 8.16 6.85 8.83 7.58 5.39 3.9 1.53 1.51 
N.D: not detected 
B.C: below calibration





A2: PAHs for intertidal oil snare samples (mg PAH/kg soil) 
  Intertidal Oil Snare SSRB  
Sample ID S1 S2A S2B S3 S4 S13 S16A S16B S18 S19 
Soil Weight (g) 10.10 10.10 10.30 10.00 10.00 10.10 10.00 10.20 10.10 10.00 
Extract Volume (mL) 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 
naphthalene 0.17 0.18 N.D N.D 0.18 0.19 0.18 0.16 0.16 0.15 
C1-naphthalenes 0.10 0.10 0.10 0.10 0.11 0.10 0.10 0.10 0.11 0.12 
C2-naphthalenes B.C B.C B.C B.C B.C B.C 0.04 0.05 N.D 0.03 
acenaphthylene N.D N.D N.D 0.28 N.D N.D 0.29 N.D N.D 0.31 
acenaphthene N.D 0.02 0.03 N.D N.D N.D N.D 0.04 0.03 0.03 
fluorene N.D B.C N.D N.D B.C B.C B.C N.D N.D B.C 
C3-naphthalenes B.C B.C B.C B.C B.C B.C B.C B.C N.D B.C 
phenanthrene B.C B.C B.C B.C B.C B.C B.C B.C N.D 0.08 
anthracene 0.43 0.41 0.39 N.D 0.48 0.43 0.53 0.47 0.49 0.70 
C1-fluorene B.C B.C B.C B.C B.C B.C 0.08 B.C N.D B.C 
C4-naphthalenes B.C B.C B.C B.C B.C B.C B.C B.C N.D B.C 
dibenzothiophene N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 
C1-phenanthrenes 0.10 B.C 0.06 B.C 0.11 0.25 0.71 0.91 0.30 1.46 
C2-fluorenes B.C B.C B.C B.C B.C B.C B.C N.D N.D B.C 
C1-dibenzothiophenes B.C B.C B.C B.C B.C B.C B.C B.C N.D B.C 
Fluoranthene N.D N.D N.D N.D N.D N.D N.D N.D 0.03 0.02 
pyrene N.D N.D N.D N.D B.C B.C B.C B.C N.D B.C 
C2-phenanthrenes B.C B.C B.C B.C B.C B.C B.C 0.15 N.D B.C 
C3-fluorenes B.C B.C B.C B.C B.C B.C B.C B.C N.D B.C 
C2-dibenzothiophenes 0.06 0.12 0.04 0.03 0.04 0.05 0.13 0.16 0.10 0.93 
C1-pyrene/fluoranthen B.C B.C B.C N.D B.C B.C N.D N.D N.D B.C 
C3-phenanthrenes B.C B.C B.C B.C B.C B.C B.C B.C N.D 0.26 
C3-dibenzothiophenes 0.30 0.20 0.21 0.20 0.45 0.27 0.30 0.09 0.36 0.09 
benzo(a)anthracene 1.40 0.56 1.22 0.35 1.55 1.12 1.01 1.14 1.44 0.98 
chrysene 1.29 0.65 1.16 0.49 1.44 1.07 0.97 1.06 1.34 0.96 
C4-phenanthrenes B.C B.C B.C B.C B.C B.C B.C N.D 0.13 B.C 
C1-chrysenes 0.26 0.26 0.25 N.D 0.28 0.27 0.27 0.26 0.27 0.26 
benzo(b)fluoranthene 0.32 0.31 0.30 N.D 0.32 0.32 0.32 0.30 0.33 0.38 
benzo(k)fluoranthene N.D 0.31 0.30 N.D 0.32 0.33 0.32 0.31 0.32 0.37 
benzo(a)pyrene 0.51 0.42 0.52 0.40 0.75 0.65 0.66 0.59 0.87 0.49 
C2-chrysenes 0.26 0.25 0.25 0.26 0.25 0.25 0.26 0.25 0.28 0.25 
C3-chrysenes 0.27 0.26 0.24 0.26 0.28 0.27 0.26 0.26 0.29 0.26 




dibenzo(a,h)anthracen N.D N.D N.D 0.03 N.D 0.05 N.D 0.06 0.08 0.04 
benzo(g,h,i)perylene N.D N.D N.D N.D 0.33 N.D N.D 0.34 0.36 0.34 
hopanes 7.06 4.01 5.72 1.56 17.22 10.04 6.90 7.91 3.55 7.66 
N.D: not detected 





A3: PAHs for intertidal oil mat samples (mg PAH/kg soil) 
  Intertidal Oil Mat SSRBs 
Sample ID TB2A TB2B TB3 TB4 TB5 TB6 TB16 TB20A TB20B 
Soil Weight (g) 10.10 10.30 10.00 10.00 10.00 10.00 10.00 10.10 10.00 
Extract Volume (mL) 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 
naphthalene 0.22 0.17 0.14 0.21 0.18 0.17 0.20 0.17 0.15 
C1-naphthalenes 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 
C2-naphthalenes 0.32 0.38 0.08 0.44 0.09 0.30 0.17 0.24 B.C 
acenaphthylene N.D 0.28 N.D N.D N.D N.D N.D N.D N.D 
acenaphthene 0.24 0.07 0.10 0.15 0.09 0.21 0.17 0.21 0.05 
fluorene 0.41 0.37 B.C 0.15 0.23 0.13 0.23 0.27 B.C 
C3-naphthalenes B.C B.C 0.04 0.16 B.C 0.40 0.29 0.04 0.03 
phenanthrene 7.53 6.79 1.35 2.86 5.18 3.44 4.71 4.69 B.C 
anthracene 7.23 6.39 1.81 3.08 5.21 3.57 4.66 4.63 0.45 
C1-fluorene 0.26 0.19 B.C B.C 0.09 B.C 0.29 0.54 B.C 
C4-naphthalenes B.C B.C B.C B.C B.C B.C B.C B.C B.C 
dibenzothiophene 1.10 1.03 N.D N.D 0.68 N.D N.D N.D N.D 
C1-phenanthrenes 45.35 57.50 14.25 24.07 29.54 28.27 43.79 40.24 0.77 
C2-fluorenes B.C B.C B.C B.C B.C B.C 0.06 B.C B.C 
C1-dibenzothiophenes 0.14 0.44 0.01 0.24 0.09 0.11 0.07 0.11 B.C 
Fluoranthene 0.50 0.61 0.09 N.D 0.36 0.31 0.40 0.35 0.08 
pyrene 1.22 1.78 0.12 0.68 0.75 0.63 1.02 0.92 0.36 
C2-phenanthrenes B.C 1.37 0.24 B.C B.C 0.71 0.53 0.64 0.62 
C3-fluorenes B.C 0.76 B.C B.C 0.14 0.01 0.18 B.C B.C 
C2-dibenzothiophenes 7.53 5.01 2.28 5.10 5.61 4.25 4.86 0.69 0.89 
C1-pyrene/fluoranthen 1.63 N.D 0.28 0.92 0.76 1.02 1.18 N.D 0.18 
C3-phenanthrenes 0.11 0.67 B.C B.C 0.22 0.02 0.58 1.46 0.06 
C3-dibenzothiophenes 0.00 B.C 2.55 5.44 4.52 5.01 2.42 B.C 2.96 
benzo(a)anthracene 4.23 N.D 2.01 3.70 2.42 3.68 2.79 3.99 1.90 
chrysene 3.47 N.D 1.73 3.06 2.19 3.04 2.53 3.57 1.74 
C4-phenanthrenes 0.21 B.C 0.42 0.93 B.C 1.30 B.C B.C 3.07 
C1-chrysenes 0.29 0.29 0.26 0.26 0.29 0.27 0.27 0.32 0.28 




benzo(b)fluoranthene 0.46 0.50 0.38 0.46 0.42 0.47 0.40 0.50 0.40 
benzo(k)fluoranthene 0.44 0.54 0.38 0.46 0.41 0.47 0.42 N.D 0.39 
benzo(a)pyrene 0.71 0.92 0.58 0.78 0.72 0.84 0.72 0.91 0.69 
C2-chrysenes 0.28 0.26 0.26 0.29 0.27 0.27 0.27 0.25 0.27 
C3-chrysenes 0.28 0.26 0.26 0.29 0.28 0.27 0.27 0.31 0.27 
indeno(1,2,3-cd)pyren 0.29 0.28 0.28 0.30 0.28 0.28 0.29 N.D 0.28 
dibenzo(a,h)anthracen 0.05 0.07 0.04 0.07 0.05 0.07 0.06 0.09 0.06 
benzo(g,h,i)perylene 0.34 0.34 0.32 0.33 N.D 0.34 N.D 0.35 N.D 
hopanes 15.78 25.19 7.33 15.83 7.95 15.02 2.87 19.16 3.07 
N.D: not detected 













































A4: n-Alkanes for supratidal Elmer’s Island SSRB samples (mg alkane/kg soil) 
  Supratidal SSRB   Supratidal SSRBs from Elmer's Island  
Sample ID A1A A13   EM-1A EM-1B EM-4 EM-6 EM-8 EM-9 EM-12 EM-14 EM-21 
Soil Weight (g) 10.1 10.0   10.1 9.1 10.0 7.1 10.1 10.0 7.3 8.2 7.3 
Extract Volume 
(mL) 
10.0 10.0   10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 
Decane N.D N.D 
 
N.D N.D N.D N.D N.D N.D N.D N.D N.D 
undecane B.C B.C 
 
B.C B.C B.C B.C B.C B.C B.C B.C N.D 
dodecane B.C B.C 
 
B.C B.C B.C B.C B.C B.C B.C B.C B.C 
tridecane N.D 0.1 
 
N.D N.D N.D N.D N.D N.D N.D N.D N.D 
tetradecane B.C B.C 
 
B.C B.C B.C B.C B.C B.C B.C B.C B.C 
Pentadecane B.C B.C 
 
B.C N.D N.D N.D N.D B.C N.D 0.5 N.D 
Hexadecane 0.1 0.4 
 
B.C B.C B.C 0.8 0.3 0.3 B.C 0.1 B.C 
Heptadecane 11.6 7.7 
 
7.2 5.0 0.1 0.0 B.C B.C 12.3 0.8 2.9 
Pristane 11.4 8.3 
 
7.2 5.0 0.0 B.C N.D B.C 12.2 0.7 2.9 
Octadecane 14.5 14.8 
 
14.9 11.0 B.C B.C B.C B.C 20.0 B.C 6.6 
Phytane 9.7 6.1 
 
24.3 43.1 28.0 40.1 27.7 29.0 33.5 33.8 46.1 
n-eicosane 45.5 24.3 
 
4.5 3.6 B.C 0.2 B,C B.C 13.3 B.C 1.9 
docosane N.D N.D 
 
N.D N.D N.D N.D N.D N.D N.D B.C 2.5 
n-tetracosane B.C B.C 
 
B.C B.C B.C B.C B.C 0.3 B.C B.C 2.5 
n-hexacosane N.D N.D 
 
N.D N.D N.D N.D N.D N.D N.D B.C 1.0 
n-octacosane 26.4 27.5 
 
2.0 1.3 0.1 0.1 0.1 0.2 20.1 0.4 2.9 
n-tricontane N.D N.D 
 
N.D N.D N.D N.D N.D N.D N.D 2.2 5.6 
n-dotricontane N.D N.D 
 
N.D N.D ND N.D N.D N.D N.D 0.5 2.5 
Hopane 3.7 1.0 
 
2.6 1.9 1.0 2.5 1.2 4.0 3.2 1.5 1.7 
n-hexatriacontane 25.3 53.4   21.0 15.9 2.9 4.5 3.1 5.6 31.8 4.1 10.8 
N.D: not detected 






A5: n-Alkanes for intertidal oil snare SSRB samples (mg alkane/kg soil) 
  Intertidal Oil Snare SSRB  
Sample ID S1 S2A S2B S3 S4 S13 S16A S16B S18 S19 
Soil Weight (g) 10.1 10.1 10.3 10.0 10.0 10.1 10.0 10.2 10.1 10.0 
Extract Volume 
(mL) 
10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 
Decane N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 
undecane B.C B.C B.C B.C B.C B.C B.C B.C B.C B.C 
dodecane B.C B.C B.C B.C B.C B.C B.C B.C B.C B.C 
tridecane 0.2 0.1 B.C 0.5 0.1 0.2 B.C 0.1 B.C 0.4 
tetradecane B.C B.C B.C B.C B.C B.C B.C B.C B.C B.C 
Pentadecane 1.3 0.3 B.C B.C 0.4 B.C 0.4 B.C B.C B.C 
Hexadecane 0.4 0.3 0.3 B.C 0.4 0.3 0.1 0.1 B.C 1.3 
Heptadecane 29.9 28.8 23.3 2.3 16.1 1.6 4.1 0.0 6.2 6.7 
Pristane 29.7 29.0 21.9 2.2 17.0 1.8 4.6 B.C 6.1 6.6 
Octadecane 22.6 22.7 19.3 2.2 18.1 0.1 0.8 B.C 7.2 1.9 
Phytane 10.7 10.3 5.7 30.5 3.7 28.3 30.2 27.6 36.6 3.7 
n-eicosane 17.2 21.5 11.9 0.3 12.9 0.4 1.0 B.C 1.7 5.7 
docosane N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 
n-tetracosane B.C B.C B.C B.C B.C B.C B.C B.C B.C B.C 
n-hexacosane N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 
n-octacosane 9.6 14.6 10.8 0.8 15.7 0.4 0.6 0.1 2.0 1.6 
n-tricontane N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 
n-dotricontane N.D N.D N.D N.D N.D N.D N.D N.D N.D N.D 
Hopane 2.2 2.6 2.7 0.7 4.4 2.5 2.4 2.2 3.0 1.2 
n-hexatriacontane 13.0 30.7 16.3 4.0 7.0 4.0 5.3 N.D 10.3 5.3 
N.D: not detected 





















A6: n-Alkanes for intertidal oil mat samples (mg alkane/kg soil) 
  Intertidal Oil Mat SSRBs 
Sample ID TB2A TB2B TB3 TB4 TB5 TB6 TB16 TB20A TB20B 
Soil Weight (g) 10.1 10.3 10.0 10.0 10.0 10.0 10.0 10.1 10.0 
Extract Volume 
(mL) 
10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 
Decane N.D N.D N.D N.D N.D N.D N.D N.D N.D 
undecane B.C B.C B.C B.C B.C B.C B.C B.C B.C 
dodecane B.C B.C B.C B.C B.C B.C B.C B.C B.C 
tridecane B.C B.C B.C B.C B.C B.C B.C B.C B.C 
tetradecane 1.5 B.C 2.2 1.8 2.1 0.1 1.3 1.8 B.C 
Pentadecane 9.9 0.7 12.9 7.8 10.4 3.4 10.4 12.0 2.6 
Hexadecane 29.8 B.C 53.0 30.4 45.3 10.1 31.6 47.2 8.8 
Heptadecane 117.1 62.7 171.0 117.0 145.0 46.8 31.6 150.7 59.4 
Pristane 112.8 66.4 177.2 122.0 152.0 49.6 127.1 155.0 63.1 
Octadecane 80.1 71.4 97.7 141.1 152.8 23.7 124.1 74.0 40.0 
Phytane 4.7 B.C B.C B.C 1.8 22.1 2.4 28.9 2.9 
n-eicosane 104.7 13.5 202.1 147.4 151.0 23.5 111.3 171.2 43.5 
docosane N.D N.D N.D N.D N.D N.D N.D N.D N.D 
n-tetracosane B.C B.C B.C 7.9 B.C B.C B.C B.C B.C 
n-hexacosane N.D N.D N.D N.D N.D N.D N.D N.D N.D 
n-octacosane 29.3 7.4 77.2 22.3 46.4 6.8 35.4 60.5 17.5 
n-tricontane N.D N.D N.D N.D N.D N.D N.D N.D N.D 
n-dotricontane N.D N.D N.D 44.8 N.D N.D N.D N.D N.D 
Hopane 3.0 1.6 1.7 1.1 0.9 2.0 4.0 1.1 3.3 
n-hexatriacontane 5.4 49.9 35.5 16.8 57.0 16.0 45.5 61.1 13.7 
N.D: not detected 















































A6  73.30 20.00 66.00 0.02 0.05 0.12 0.39     
A8 25.50 11.50 22.00 0.03 0.05 0.22 0.41 213.03 407.54 
A13 21.00 4.50 10.00 0.01 0.03 0.13 0.29 120.50 267.78 
S1 387.20 4.50 10.00 0.07 0.15 
0.05 




S2A 118.40 4.50 10.00 0.04 0.09 0.06 0.14     
S2B 207.90 4.50 10.00 0.03 0.07     155.54 345.64 
S3 93.80 4.50 10.00 0.04 0.09         
S4 122.40 4.50 10.00 0.03 0.06 0.01 0.02 197.19 438.20 
S5 37.30 17.60 48.00 0.13 0.36 0.06 0.16 171.00 466.36 
S15 41.40 18.80 46.00 0.05 0.11 0.09 0.23 173.74 425.11 
S17 35.70 15.00 50.00 0.15 0.52 0.07 0.22 190.16 633.87 
S18 67.60 4.50 10.00 0.13 0.28         
S25 304.40 4.50 10.00 0.03 0.07 0.01 0.02     
TB2A 57.70 3.50 20.00 0.06 0.34 
0.26 




TB3 85.70 3.70 20.00 0.05 0.26 0.06 0.30 99.29 536.70 
TB4 137.50 3.20 20.00 0.27 1.69 0.03 0.19 78.69 491.81 
TB5 86.90 3.20 20.00 0.03 0.16 0.03 0.20 114.06 712.88 
TB6 64.70 3.50 20.00 0.02 0.14     113.83 650.46 
TB18B 18.10 10.00 56.00 0.11 0.64 0.09 0.51 107.26 600.66 
TB20A 46.30 3.80 20.00 0.03 0.17 0.06 0.31     




TB23 19.90 10.00 56.00 0.13 0.76 0.05 0.30 100.49 562.74 
EM-2C 5.00 5.00 8.00 0.26 0.42 
0.14 
    
0.14 
    
11.19 
EM-3 12.60 12.60 34.00 0.09 0.23 0.17 0.45 55.22 149.01 
EM-11 5.40 5.40 8.00 0.16 0.24         
EM-16 16.90 16.90 48.00 0.47 1.32 0.19 0.54 61.64 175.07 
EM-17 15.30 15.30 40.00 0.17 0.43 0.22 0.56 46.00 120.26 
EM-19 11.70 11.70 30.00 0.13 0.34 0.42 1.09 58.00 148.72 
EM-20 4.80 4.80 8.00 0.22 0.37         
 





















A3 102.30 22.00 140.00 0.17 1.05 
0.17 A6 73.30 20.00 150.00 0.20 1.52 
A8 25.50 11.50 55.00 0.34 1.60 
S2B 207.90 30.00 150.00 2.29 11.45 
2.02 
S4 122.40 30.00 150.00 1.94 9.70 
S5 37.30 17.60 120.00 2.64 18.03 
S15 41.40 18.80 115.00 0.83 5.09 
S17 35.70 15.00 125.00 2.12 17.63 
S25 304.40 30.00 150.00 2.73 13.65 
TB4 137.50 30.00 150.00 1.77 8.85 
0.98 TB5 86.90 30.00 150.00 1.62 8.10 
TB6 64.70 30.00 150.00 1.12 5.60 
EM-2A 25.40 25.40 142.00 0.37 2.08 
0.47 EM-2B 20.40 20.40 135.00 0.43 2.83 
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